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CHAPTER 1: GENERAL INTRODUCTION 
The use of fiber-reinforced composites is becoming more common as costs for these 
materials fall and manufacturing processes become more automated. Fiber-reinforced 
composite materials have high strength-to-weight and stiffhess-to-weight ratios that make 
them desirable for applications in aircraft, automobiles, and other structures where strength 
and weight are important factors. The implications of lighter structures are far-reaching. For 
example lighter structures, such as vehicles and airplanes, require less power and therefore 
use less fiiel. Because of the increasing interest in composite structures, the focus of this 
research was on fiber-reinforced composite materials. 
Because of the nature of fiber-reinforced composite materials, materials such as 
piezoelectric patches, core materials, or damping materials may be embedded in them. Each 
of these sites where materials are embedded is a discontinuity and discontinuities cause 
sound radiation (Fahy, 1985). The effect on the resulting sound radiation of embedding 
different materials in structures was studied in this research. 
Another common configuration is to have co-cured stiffeners on structures. For 
composite structures, stiffeners are attached by co-curing, bonding, and perhaps stitching. 
All of these stiffeners are discontinuities which can cause farfield sound radiation from 
structures. This dissertation will examine the effects of different stiffener parameters on the 
farfield sound radiation from composite structures. 
Structures made of traditional metallic materials have ribs or stiffeners which are 
attached using welds, bolts, rivets, etc. These types of attachments generally occur over 
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small areas of the structure. Stiffeners on composite beams cannot be welded on as is 
common for metallic materials; because of the nature of composite materials, attaching 
stiffeners must be accomplished using methods like adhesive bonding, co-curing, or 
stitching. Bonding and co-curing require more surface area for the attachment than metal 
attachments (Figure LI). Therefore, stiffeners on composite beams would more 
appropriately be treated as a beam with varying cross-section and material properties. 
Welded stiffener Bonded "hat" stiffener 
metal beam composite beam 
Figure 1.1. A welded stififener compared to a bonded stiffener. 
1.1 Problein Definition 
There were several goals of this research. First, a body of experimental data was 
generated in order to determine which stififener parameters have the largest efifect on sound 
radiation from composite beams. This was done by building beams with different stiffener 
configurations and performing vibration tests on them. In order to simplify the research, only 
one stiffener parameter, namely the shape, was studied in detail. Figure 1.2 shows the beam 
shape, stiffener position, and the direction of motion of the bending wave traveling along the 
beam. 
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Direction of 
beam disoiacement 
Stiffener 
Direction of 
wave travel 
Figure 1.2. Schematic of beam, stiffener, displacement, and wave travel. 
After parameters that affect sound radiation were identified, a previously established 
modeling technique was used to predict sound radiation from beams. This model needed to 
have the flexibility to include spatial variations in thickness, material properties, and 
damping factors. The experimental data generated in the first stage of the research was used 
to verify the model results. While experimental verification of a beam model is not typically 
performed, the nature of the stififeners made it necessary for this research. 
Finally, the model was used to vary one stiffener parameter and predict the effect on 
the sound radiation. This prediction was then verified experimentally. The results are very 
promising for use in designing stififeners. 
No work has been found in current literature that addresses sound radiation from 
stiffeners on composite beams. Some literature exists for stififeners on beams of traditional 
metallic materials (Lyon, 1962, Mace, 1980); however, these stiffeners are generally very 
small with respect to the beam length and are treated as point attachments. Carney (1996) 
and Hambric (1996) showed that the assumption of a point attachment for ribs is not always 
1.2 Literature Review 
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valid and treated the ribs as having some width and spatial properties. Even when ribs are 
examined in this manner, stiffeners on composite beams must be treated differently than ribs 
on metal beams. A model of stifiFeners on composite beams needs to include spatially 
varying thickness, material properties, and damping factors. 
There are many papers that discuss vibration of beams with spatially varying 
thickness. Often, the authors will solve the problem of non-uniform beam vibration for 
specific cases that have analytic solutions such as tapered beams (Lindberg, 1963, Laura et 
al., 1988, Grossi and Del V. Arenas, 1996) or wedge and cone beams (Naguleswaran, 1994). 
Roy and Ganesan (1994) addressed thickness changes, specifically linear and parabolic 
changes. These types of solutions are for beams that are changing thickness all along the 
length and not in a concentrated area as stiffeners would be. 
Some researchers, while investigating beams of varying thickness in a more general 
sense, look only at the natural frequencies of the beams and do not consider the beam 
response to forced vibrations (Klein, 1974, Chehil and Jategoankar, 1987, Downs, 1978, 
Tamopolskaya et al., 1996). The research in this dissertation, however, is focused on the 
farfield sound radiation from beams; therefore, calculating the beam response to a forcing 
function is necessary. 
Feit and Cushieri (1996) approached this type of problem somewhat differently. 
They studied the scattering of a plane wave by a distributed mass inhomogeneity. The type 
of mass distribution was similar to the types of stiffeners in this research. However, the 
research focused on infinite structures and there was no experimental verification of the 
work. Lack of experimental verification is a severe limitation of current models. Usually 
the models are verified using an analytical solution for a specific case of a non-uniform 
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beam. However, this type of verification does not include section property changes over 
small areas that would be more appropriate in describing stiffeners on fiber-reinforced 
composite beams. 
The finite element method is a popular technique for investigating the effect of 
thickness changes on the vibration fi^om beams (Lee et al., 1990, Roy and Ganesan, 1994, 
Lindberg, 1963). The FEM is a very powerflil technique for solving many problems; 
however, it also has some limitations. Since much of the available commercial software does 
not allow for changing material properties, a piecewise constant distribution must be 
assumed. To avoid loss of sensitivity to section changes, code would have to be written to 
interface with the existing finite element codes or the number of elements in the region of 
changing section properties would have to be increased to get the desired sensitivity. Instead 
of using either of these techniques to make finite elements work for this research, a method 
as described by Banks et al. (1996) using a cubic-spline based Galerkin method of solution 
for solving differential equations of motion was used. Advantages of this solution method 
include sensitivity to changes in section properties and simplicity of implementation. 
Another limitation of the current models is that material damping is often neglected. 
For traditional metallic materials, this is often not a bad assumption. However, fiber-
reinforced composites have a higher damping coefficient, so damping needs to be included in 
models of these materials. 
The literature discussed so far has been for traditional isotropic materials. Much 
literature also exists for the vibration of fiber-reinforced composite beams. There are several 
issues that arise when using fiber-reinforced composites as opposed to isotropic materials. 
For example, shear deformation and rotary inertia are much more important for composites 
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than for isotropic materials (Teoh and Huang, 1977, Baneijee and Williams, 1996, 
Abramovich and Livshits, 1994). A phenomenon that is characteristic of fiber-reinforced 
beams is bending-torsion coupling (Abramovich and Livshits, 1994, Baneijee and Williams, 
1996). This phenomenon is caused by the anisotropy of fiber-reinforced composites. These 
issues were avoided in this research by keeping the beams very thin and using only 0° and 
90° plies in the beams. 
None of the work mentioned so far addresses the issue of non-uniform fiber-
reinforced composite beams. There are some researchers that have looked at embedding 
damping materials in beams (Liao et al., 1994, Sattinger and Sanjana, 1993). Liao et al. 
(1994) looked only at a continuous layer of viscoelastic material embedded in a beam. 
Material variations were not included. Sattinger and Sanjana (1993) did experimental work 
with embedding patches of viscoelastic material in composite cylinders. The model for this 
cylinder only predicted damping loss factor. Constrained layer damping has also been 
investigated for composite beams (Rao et al., 1992, Sun et al., 1990). The solution methods 
used for the constrained layer damping were finite element methods that did not allow for 
material property changes or geometry changes over the beam elements. Vibration of 
sandwich beams has also been investigated (Ray and Kar, 1996); however, no allowance is 
made for material property changes or geometry changes in these treatments either. 
A major limitation of the current work on the vibration of and sound radiation fi^om 
fiber-reinforced composite beams is that the existing models do not allow for changes in 
section properties as a Sanction of position along the beam. Distributed stififeners are used 
for many applications (Minguet and O'Brien, 1996, Baker et al., 1993) and therefore should 
be accurately represented in vibration models. 
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1.3 Contributions of Research 
Some important contributions to the field of sound radiation and vibration of fiber-
reinforced composite beams have been made by this research. First, a body of experimental 
data has been generated that was used to fine-tune a numerical model. Many researchers, 
when "proving" the validity of their models, will compare their solutions to well-established 
analytical results for specific problems or finite element solutions. For fiber-reinforced 
composite beams with stiflfeners or even varying section properties, there are few widely 
accepted analytical solutions available. Finite element models cannot be accepted as valid 
unless sufficient experimental verification is performed. The model presented in this 
research has been compared with experimental data. 
The model used in this research differs from many of the current models in that the 
section properties, e.g., density, modulus of elasticity, and section height, can change along 
the length of the beam. Another difference is the manner in which the data, both from 
experiments and modeling, is treated. Most researchers look only at the natural frequencies 
of beams, regardless of the geometry or section properties. In this research, however, while 
the natural frequencies can be found, the areas on the beam which cause the most sound 
radiation are of more interest to study. Knowing how stiffener parameters affect sound 
radiation will make it possible to control the amount of sound radiation from structures by 
tailoring stiffener properties. With only the natural frequencies identified, nothing is known 
about the sound radiation from the stiffener. 
While many aspects of stiffeners on fiber-reinforced composites have been studied 
(Baker et al., 1993, Minguet and O'Brien, 1996), vibration and sound radiation properties of 
the stiffeners have not been investigated. This is an important area of research since the 
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structures with attached stiffeners often have vibration and sound radiation problems. With a 
model of how stiffeners affect the sound radiation, stiffeners can be designed that reduce the 
sound radiation from a structure. A preliminary study that investigated changing one 
stiffener parameter showed stiffeners could be designed for minimizing sound radiation with 
the current state of the model developed in this dissertation. 
1.4 Dissertation Organization 
The dissertation includes journal papers by the author and supplementary chapters 
where needed. Chapter 2 is a paper that has been submitted to the Journal of the Acoustical 
Society of America. It contains experimental results and a brief description of the data 
processing techniques. Chapter 3 gives details of the experiments and data processing that 
are not found in the journal papers. Chapter 4 gives some details of the model derivation and 
solution of the model. Chapter 5 is a second paper to be submitted to the Journal of the 
Acoustical Society of America. This paper contains model results, experimental results, and 
design results. Chapter 6 has general conclusions from the research. The references for 
Chapters 1,3,4 and 6 are located at the end of the dissertation. The references for Chapters 
2 and 5 are located at the end of those chapters as required by the journal format. 
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CHAPTER 2: EFFECT OF STIFFENER PARAMETERS ON THE FARFIELD 
SOUND RADIATION FROM COMPOSITE BEAMS 
A paper submitted to the Journal of the Acoustical Society of America 
Julie C. Slaughter 
J. Adin Mann EQ 
Daniel O. Adams 
Aerospace Engineering and Engineering Mechanics Department 
Iowa State University 
2019 Black Engineering Building 
Ames, lA 50011 
Abstract 
The effects of spatial and material variations on farfield sound radiation ifrom 
carbon/epoxy composite beams were investigated. Specifically, the geometry of a single 
stiffener of carbon/epoxy embedded in a beam, periodically spaced stiffeners along the 
length of a beam, and single stiffeners of different materials embedded in beams were all 
investigated. Because of a lack of methods to sufficiently model the details of spatially 
varying material properties, experimental data was used to identify important parameters that 
needed to be included in a model. Vibration testing was performed for three frequency 
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ranges: 500 Hz to 1500 Hz, 1500 Hz to 2500 Hz, and 2500 Hz to 3500 Hz. The geometry of 
a single stifFener of carbon/epoxy affected the region of the stififener that radiated sound. 
Periodically spaced stiffeners tended to have a global stiffening effect at lower frequencies 
and to act like individual stiffeners for frequencies where the wavelength is shorter than the 
StifFener. A stifFener of viscoelastic material reduced the sound power radiated from the 
region of the stiffener, and stiffeners of other materials radiated sound from the ends of the 
StifFener. 
1. Introduction 
The use of composite materials in structures is becoming widespread as 
manufacturing processes become more automated and costs are falling. High strength-to-
weight and stiffhess-to-weight ratios make composites desirable for applications in aircraft, 
automobiles, and other structures. However, the reduced weight of composite materials may 
cause increased vibration and sound radiation. Also, composite structures often have 
piezoceramics, core materials, or damping materials embedded in them and/or co-cured 
stiffeners attached. These sites where materials are embedded or attached to the laminate 
cause discontinuities that may radiate sound to the farfield. The objective of this 
investigation was to identify the effects of discontinuities on sound radiation. With the 
factors that affect sound radiation identified, future research will focus on developing 
accurate models for optimizing the impact of these discontinuities. 
Theoretical studies have investigated changes in cross-section of beams in vibration 
models. Laura and Valerga de Greco [1] investigated the influences of linear changes in 
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beam cross section on free and forced vibrations. Roy and Ganesan [2] investigated various 
linear and parabolic thickness distributions in beams. These studies do not include changes 
in material properties. Lee, Ke, and Kuo [3] addressed the issue of material properties as a 
function of position but the properties were treated as piecewise constants. Liao, Su, and Hsu 
[4] performed experimental work with an embedded layer of viscoelastic material to increase 
damping in a composite beam. Unlike the work presented here, the beams studied had 
constant cross-sectional areas. Therefore, while changes in cross-section and continuous 
embedded materials have been studied, the authors are not aware of any experimental work 
that addresses shape and material makeup of stiffeners. 
The work presented here studies the impact of three parameters of embedded 
materials in composite laminates; the geometry of a single stiffener of carbon/epoxy 
embedded in a beam, periodic spacing of stiffeners along the length of a composite beam, 
and the material of a single stiffener. 
2. Experimental Techniques 
The beams used in these tests were made of IM7/8551-7A carbon/epoxy composite 
material. Each specimen was unidirectional with the fiber direction along the length of the 
beam. A machined steel C-channel was used as a mold to fabricate the beams (Fig. 1). Five 
continuous layers of carbon/epoxy pre-preg tape were laid in the mold atop a nonporous 
Teflon release film. The materials for the stiffeners were placed along the length of the tape 
and then another five continuous layers of the carbon/epoxy pre-preg tape sandwiched the 
stiffener. Another nonporous Teflon release film covered the top and rubber strips were laid 
in the mold. The whole assembly was wrapped in shrink wrap to provide compaction 
pressure during curing. The beam was cured at 177°C for four hours. After curing, the beam 
edges were trimmed and sanded to give finished dimensions of 193 cm length and 5.1 cm 
width. The thickness of the beams was 0.15 cm outside the stififener region and 0.2 cm to 
0.4 cm in the stififener region. 
Two beams were fabricated to investigate the geometry changes in a stiffener made of 
carbon/epoxy material; one with square geometry and one with tapered geometry (Fig. 2). 
The tapered geometry was created by slightly decreasing the length of successive layers of 
carbon/epoxy tape in the stififener. Three beams were built to investigate the influence of 
stiffeners of other materials: viscoelastic damping material, Syncore (a syntactic foam core 
used to reduce weight in structures), and Syncore embedded with pultruded carbon rods 1.7 
mm in diameter. The dimensions of the beams with single stififeners are shown in Fig. 2. 
Two beams were fabricated to investigate the influence of periodically spaced stififeners; one 
with four stififeners and one with five stififeners (Fig. 3). The stiffeners had tapered geometry 
as described above. 
The different materials used in the embedded stififeners were investigated because a 
stiffener made entirely of carbon/epoxy composite is not commonly used due to its weight. 
For this reason, Syncore and Syncore embedded with carbon rods were studied. Syncore 
alone can produce geometry changes that increase the bending stiffhess with little change in 
the tensile strength of the beam. Syncore embedded with carbon rods provides additional 
tensile strength and bending stiffhess in the stififener region. Both of these stiffeners are 
structurally plausible and therefore suitable for further investigation. The viscoelastic 
material was investigated because it provides large reductions in the vibrational energy of the 
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beam. However, this reduction comes with a significant reduction of both bending strength 
and bending stiffness. Because the viscoelastic material has very low shear strength, it acts 
as a delamination in the beam. 
For a detailed description of the testing method see Wei [5]. Figure 4 shows a 
schematic of the test apparatus. Two holes were drilled in each beam, one approximately 2 .5 
cm from one end and the other 30.5 cm from the opposite end. The beam was suspended 
vertically by a hook through the hole 2.5 cm from an end. A B & K type 4809 vibration 
exciter was attached through a force transducer at the other hole, and the end of the beam was 
embedded in 20 cm of sand to absorb reflections. A PCB 208 A02 force transducer was used 
to record the force input. A Polytec OFV 1102 laser vibrometer was used to measure the 
beam vibration. To ensure a strong signal, retro-reflective tape was attached to the beam at 
each of the 64 measurement points that were spaced 2.5 cm apart along the beam. The laser 
was positioned at each measurement point by a robotic scanner. The signal input to the 
vibration exciter was a "chirp" signal, which is a signal with a frequency that increases 
linearly in time. A Concurrent computer controlled the data acquisition, beam excitation 
signal, and robotic scanner motion. Tests were run in three different frequency ranges; 500 
Hz to 1500 Hz, 1500 Hz to 2500 Hz, and 2500 Hz to 3500 Hz. 
Data taken from the tests included the autospectrum of the force and the autospectrum 
of the vibrometer signals as well as the cross spectrum of the two signals, 
Gff{x,(o) G„ix,co) Gj^ix,Q)), (1) 
where the subscripts,/and v, correspond to the force and vibrometer signals respectively, q 
is circular frequency, and x is the position along the beam. From this data, the complex 
surface velocity is calculated, using the input force as a phase reference, 
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GAX,(O) 
The complex surface velocity can be converted, using an inverse temporal Fourier transform, 
to the position and time domain, 
V(x,t) = F;'\y(x,co)F(o))], (3) 
where F((d) is a filter needed to compensate for finite data storage [6]. When plotted, this 
data shows the surface waves propagating in the beam. A spatial FFT is also applied to the 
fi-equency data, Eq. (2), to obtain a k-space representation, 
Vik^,ca) = F^\y{x,o})]. (4) 
In the k-space domain, a filter can be applied that removes all vibrations that fall outside the 
radiation cone [7], 
V,iK,co) = W(k,,co)Vik,,(o). (5) 
After inverse FFTs with respect to position and time, the surface velocity representation, 
(6) 
is the component of the vibration that radiates sound to the farfield. Integrating the data 
through time at each position results in the farfield sound power radiated per unit length. 
Plots of this data will be called power plots. The power plots show the contribution of each 
position along the beam to the farfield sound radiation. This process is different than 
intensity or holography methods as described in [5,7]. 
Using filtering methods as described by Mann and Williams [8] as well as Wei [5], 
the phase speed at each point along the beam can be calculated. A wave of fi-equency, coi, 
and propagating at a speed, Ci, can be assumed to have the form. 
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(7) 
The filter used has a similar form 
r 
n / f  . N COS 6), (/ - X  V , )  +  ^ 2  < t  < X  < X ^ _  
0 
where ©2 is the fi-equency, C2 is the speed, and (j)2 is the phase of the wave that the filter is 
searching for. The filtering process involves multiplying the velocity by the filter and 
integrating over space and time. 
where t ' = ( t ^ + t ^ ) / 2  and x'= (x, + x, )/2. Because of orthogonality, this integral will be 
maximum when ty, =0)2, c, = c,, and ^, = ^2 • If Jc, - x, and - /, are small, Eq. (9) can 
be interpreted as the amplitude of waves propagating through a point. The filtering process is 
accomplished by fixing the filter at one spatial position and then varying the time, t', and the 
phase speed, Cj, of the filter, resulting in phase speed versus time. 
The maximum amplitude of Eq. (9) occurs at the phase speed of the spatial point 
being studied. Phase speeds can either be positive for incident waves or negative for 
reflected waves. This information can be used to determine the reflection and transmission 
coefficients at discontinuities or boundaries. The phase speed can also be used to obtain an 
estimate of wavelength, X, for the waves propagating in the beam. 
(9) 
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^ = y, (10) 
where c is the phase speed and/is the frequency of interest in Hz. 
3. Results 
3 • 1 Geometry Changes 
As described in the experimental techniques section, the beams with tapered and 
square carbon/epoxy stififeners were subjected to the vibration tests and data processing. The 
objective of this set of experiments was to determine what influence the geometry of a single 
stiffener has on the farfield sound radiation. 
Power plots for all three frequency ranges are shown in Fig. 5. The vertical lines 
indicate the location of the stifFeners. For all power plots a large sound radiation peak, 
caused by the force input, is located near the zero position of the beam. The peaks of interest 
are located near the stiffener. 
In the 500 Hz to 1500 Hz range. Fig. 5a, both beams have sound radiation peaks 
located at the leading edge of the stiffener and extending into the stiffener region. The 
tapered stiffener radiates slightly more sound than the square stiffener. The wavelength of 
the propagating waves at 1000 Hz is approximately 15 cm to 17 cm. The stiffener length is 
13 cm. 
In the 1500 Hz to 2500 Hz range. Fig. 5b, again both beams have a sound radiation 
peak located near the leading edge of the stiffener. There is high sound radiation between the 
force input and the stiffener, and the sound radiation drops significantly after the stiffener 
region. 
For the 2500 Hz to 3500 Hz range. Fig. 5c, the tapered stifFener radiates more sound 
than the square stiffener. The peak for the square stififener is located close to the leading 
edge of the stififener while the peak for the tapered stififener is centered above the stififener. 
The wavelength of the propagating waves at 3000 Hz is approximately 12 cm while the 
stiffener length is 13 cm. 
The geometry differences between the tapered and square stififeners are over a 
distance of 2 cm to 3 cm. So geometry changes much smaller than a wavelength 
significantly affect sound radiation. The results from the 2500 Hz to 3500 Hz frequency 
range, Fig. 5c, indicate that if the transition between the beam and the stiffener region is 
abrupt, i.e., the square stiffener, the dominant source of sound radiation is scattering of the 
waves at the square interface. With a tapered transition into the stififener, the waves are not 
scattered and the bending energy enters the stiffener region. Because this area of the beam is 
thicker, the subsonic bending waves become supersonic in the stiffener region. 
3.2 Material Variations 
The influence of a stiffener of a different material on the sound radiation was 
investigated in this set of experiments. Beams with single stififeners of viscoelastic damping 
material, syntactic foam core, and syntactic foam core embedded with pultruded carbon rods 
were subjected to vibration tests. 
Power plots are shown for all three frequency ranges (Fig. 6). Again large peaks, 
which are not of interest in this study, appear at the force input location. Vertical lines 
indicate the stififener location. 
The beam with embedded viscoelastic material significantly drops in sound power 
over the region of the stifFener in all three frequency ranges. The viscoelastic layer 
effect ively damps the energy,  preventing energy from passing through the st i ffener .  For the 
stiffeners of Syncore and Syncore with rods, peaks in the farfield sound power occurred at 
the leading edges of each stiffener. The sudden material changes, along with sudden 
geometry changes, cause significant scattering, which results in sound radiation. The peaks 
for both the Syncore and Syncore with rods are larger than the peak at the leading edge of the 
square carbon/epoxy stiffener (Fig. 5). 
The changes in bending stiffhess caused by the embedded materials apparently 
increase the sound radiation. When the rods are embedded in the Syncore, a sound radiation 
peak is produced at both ends of the stiffener. 
3.3 Periodicallv spaced stiffeners 
As described in the experimental techniques section, the beams with four and five 
stiffeners were subjected to vibration tests. The objective of these experiments was to 
observe how periodically spaced stiffeners of carbon/epoxy affected sound radiation. 
Power plots are shown for the four stiffener beam and the five stiffener beam (Fig. 7). 
A large peak is located at the force input location. Sketches on the plots show the locations 
of the stiffeners for the beams. 
For the 500 Hz to 1500 Hz frequency range, Fig. 7a, the four stiffener beam has three 
distinct peaks that fall between the stiffener regions of the beam. The wavelength of the 
propagating waves is around 18 cm for the four stiffener beam compared to a stiffener length 
of 20 cm. The five stiffener beam has a wavelength of about 20 cm compared to a stiffener 
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length of 15 cm. The wavelength of the propagating wave on the five stiffener beam is 
longer than the stiffener length, resulting in a global stiffening effect from the stiffeners. The 
waves do not detect the individual stiffeners. However, for the four stiffener beam, the 
wavelength is shorter than the stiffeners so each stiffener is detected by the waves, causing 
the sound radiation peaks to occur between the stiffeners. 
In the 1500 Hz to 2500 Hz range. Fig. 7b, both the four stiffener and five stiffener 
beams have peaks occurring between the composite stiffeners. Because of ambiguous data, 
wavelengths were not calculated for this fi-equency range. However, it is postulated that the 
wavelengths for both beams are shorter than the stiffeners. 
For the 2500 Hz to 3500 Hz range. Fig. 7c, the beams have peaks of sound radiation 
corresponding to the stiffener locations. However, for the four stiffener beam, the peaks shift 
fi-om being centered between the stiffeners to being centered over the stiffeners. The 
wavelength of the propagating waves is approximately 10.7 cm for the four stiffener beam 
and 11 cm for the five stiffener beam. For the four stiffener beam, almost two wavelengths 
fit in the space of one stiffener. Perhaps this was the reason the peak locations shifted. 
As the fi-equency range of interest increases and thus the wavelength of the 
propagating wave decreases, the wavelengths become smaller than a stiffener, causing each 
stiffener to produce sound radiation patterns similar to the single tapered stiffener as 
described in the Geometry Changes section. As the wavelength decreases, the interactions 
between the stiffeners become less important. 
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3.4 Summary 
The geometry of the carbon/epoxy stiffener significantly affects the sound power. 
Tapered stiffeners tend to radiate more sound than square stiffeners. The location of the 
sound power peaks changes also. Square stifFeners cause sound radiation centered above the 
leading edge of the stiffener. Tapered stifFeners have a sound power peak that shifts toward 
the center of the stifFener. 
Of the different embedded materials investigated, viscoelastic material clearly has the 
greatest influence on the sound power. The sound power decreases dramatically over the 
StifFener region. The stiffeners of Syncore and Syncore with rods cause sound radiation at 
the leading edges of the stiffeners similar to the square carbon/epoxy stifFener. However, 
these peaks are somewhat higher than for the square carbon/epoxy stifFener, indicating that 
the material change afFects the sound radiation. 
For periodically spaced stifFeners, as the frequency range increases, the stifFeners start 
to behave like single stiffeners of tapered carbon/epoxy. If the wavelength is longer than the 
stiffeners, the effect of each individual stiffener is not seen; a global stiffening effect is 
exhibited instead. 
4. Conclusions 
Many insights into what factors affect the sound radiation from stiffeners in 
carbon/epoxy composite beams can be gained from this investigation. The geometry of 
stiffeners, material makeup of embedded stiffeners, and spacing of stiffeners all significantly 
changed the sound radiation. Geometry changes as small as 10% to 20% of a structural 
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wavelength can significantly impact the sound radiation. Different materials in the stiffener 
increase the scattering effect at the edge of the stiffener, increasing the sound radiation. 
These results indicate that care must be taken when modeling sound radiation fi-om areas of 
composite beams that have material or geometry changes. The results from the periodically 
spaced stiffeners indicate that there is a complicated relationship between stiffener length, 
spacing, shape, and structural wavelength. 
The experimental work presented here has identified physical parameters that must be 
considered to develop a model that accurately represents the influence of embedded materials 
on farfield sound radiation from carbon/epoxy composite beams. With an understanding and 
accurate model of how embedded materials radiate sound, structures can be designed for 
desired acoustical properties. 
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Figure Captions 
Figure 1. Beam Construction. 
Figure 2. Geometry of embedded stiffeners. (Not drawn to scale.) 
Figure 3. Spacing of multiple stififeners. (Not drawn to scale.) 
Figure 4. Test apparatus. 
Figure 5a. Power plots for square and tapered stififeners. 500-1500 Hz. 
Figure 5b. Power plots for square and tapered stififeners. 1500-2500 Hz. 
Figure 5c. Power plots for square and tapered stififeners. 2500-3500 Hz. 
Figure 6a. Power plots for stififeners of viscoelastic material, Syncore, and Syncore + rods. 
500-1500 Hz. 
Figure 6b. Power plots for stififeners of viscoelastic material, Syncore, and Syncore + rods. 
1500-2500 Hz. 
Figure 6c. Power plots for stififeners of viscoelastic material, Syncore, and Syncore + rods. 
2500-3500 Hz. 
Figure 7a. Power plots for four and five stiffeners. 500-1500 Hz. 
Figure 7b. Power plots for four and five stififeners. 1500-2500 Hz. 
Figure 7c. Power plots for four and five stiffeners. 2500-3500 Hz. 
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CHAPTERS: EXPERIMENTAL TECHNIQUES 
While no new experimental techniques were used in this research, some of the 
experimental techniques and data processing are not widely used. This lack of familiarity 
with the techniques warranted a discussion of them in some detail in this dissertation. 
Young's modulus and the damping factor are material properties that are necessary 
for the modeling, and need to be determined experimentally. Because the beams are not 
homogeneous, a combination of experiment and theory was used to establish a value for the 
effective Young's modulus. A vibration test was used to determine the damping factor 
because damping information was not available for the materials used in the experiments. 
3.1.1 Young's modulus 
When the plies of a beam are not unidirectional or a core material is embedded in a 
beam, an effective Young's modulus needs to be found in the beam length direction to be 
used in a bending model. Swanson (1997) presents a method of calculating an equivalent EI, 
which can be divided by I to get an equivalent E. The EI equivalent for a symmetric 
rectangular wide beam is given by 
where {EI) is the equivalent bending stiffhess, b is the beam width, and Du is the first term of 
the D matrix (Gibson, 1994, p. 206), as given by. 
3.1 Materials Characterization 
(3.1) 
(3.2) 
where N is the number of plies in the laminate. On is the transformed lamina stiffness 
coefficient, and is the through-the-thickness location of the lamina. A more detailed 
description of these quantities can be found in Gibson (1994). Because of the experimental 
nature of the rest of this work, an effective Young's modulus was verified using a three-point 
bend test. 
Beams of length 50.8 cm and width 5.08 cm were fabricated for use in the three-point 
bend and damping tests. Beams used in the vibration experiments were 193 cm long. The 
shorter length was used in order to reduce the bending moments caused by overhang of the 
ends in the three-point bend tests. The shorter lengths also allowed uniform beams 
embedded with Syncore to be built without using large amounts of the material. 
Using different span lengths, three point bend tests were performed in order to verify 
the calculated Young's modulus values (Figure 3.1). An electromechanical testing machine 
was used in the tests with a load cell capacity of4450 N. The loads needed were in the 4.5 -
133 N range, 3% of the total range. The load cell was accurate to 0.05 N so the accuracy of 
the load cell was sufficient for the tests. The slope of the load versus deflection curve was 
calculated and used in the well-known beam deflection equation to solve for Young's 
modulus, E, 
PI} y = -^ (3.3) 
48£7 
where3/ is the deflection, P is the load, L is the span length, E is the Young's modulus, and I 
is the area moment of inertia. Span lengths of 38.1 cm, 22.9 cm, 15.2 cm, and 7.6 cm were 
used. A test fixture with rollers to support the ends of the beam and apply the loads was 
used. The rollers act as simple supports providing only forces normal to the beam. The 
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Figure 3.1. Schematic of three point bend test apparatus. 
support rollers were attached to a heavy support beam so that the fixture would not move 
during loading. The span length of the fixture was adjustable fi-om 5.08 cm up to 61.0 cm. 
The manufacturer's published properties of IM7/8551-7A are: El = 135 GPa, 
E2 = 8 GPa, and vl2 = 0.30 (Hercules Aerospace Products, 1985). Using these material 
properties, Young's modulus, as calculated by Eq. 3.1 for a beam with a [0/90/0/90/0], is 
103 GPa. For a beam with the same basic lay-up but with 10-0 plies embedded between the 
halves. Young's modulus was calculated as 105 GPa yielding a difference of less than 3%. 
As found fi-om the three-point bend tests, the Young's modulus was 83.4 GPa, a difference of 
20%. This difference could be due to many factors such as age of the material, alignment of 
the plies, or material properties different than the published values. Because there is a large 
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discrepancy between the experimental and theoretical Young's modulus, the experimental 
value will be used in the model. 
3.1.2 Damping tests 
A uniform beam having a width of 5.1 cm, a thicicness of 1.5 mm, and a length of 
192 cm was used in the damping tests. The vibration tests described in the Experimental 
Techniques section in Chapter 2 were used. Once the complex surface velocity as a function 
of position and frequency was measured, the frequency spectrum at the measurement point 
72.5 cm from the end was extracted. This point was chosen because it is near the center of 
the beam and boundary conditions will have less of an effect than at another point. Using 
this frequency spectrum, the quality factor was used to calculate the damping factor (James et 
al, 1989), 
O = — (3.4) 
~  A - /  2 ^  
where Q is the quality factor, is the peak frequency, f2 is the frequency at 0.707 of the peak 
value on the upper side of the peak, f, is the frequency at 0.707 of the peak value on the 
lower side of the peak, and C, is the damping factor. Figure 3.3 shows the placement of £>, f|, 
and f2. Using equation 3.3 and the data from the 500-1500 Hz frequency range gives an 
average damping factor of ^ =0.02. In the 1500-2500 Hz frequency range the damping factor 
decreases to approximately ^=0.015. A value of ^ =0.02 will be used as an average damping 
factor in the model. 
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Figure 3.3. Schematic of damping test apparatus. 
3.2 Vibration tests and data analysis 
A description of the data processing and experimental techniques is found in 
Chapter 2. However, because of space limitations of journal articles, the vibration data was 
not presented in that paper. A detailed description of the equations used can be found in 
Chapter 2 and also in Carney (1996). Some representative vibration data will be presented in 
this section along with a brief description of the experiments and data processing. 
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3.2.1 Experimental Setup 
A free-standing structure of uni-strut was built to hold the beams. The free-standing 
structure isolated the beam from vibrations through any external path except the floor. 
Figure 3.4 shows a schematic of the test configuration. 
A hole was drilled 2.5 cm from the top end of the beam in order to suspend it with a 
light string over a pulley. The light string and pulley allowed the top end of the beam to 
vibrate freely. The lower end of the beam was embedded in sand to absorb reflections from 
this end of the beam. A hole was drilled 30.5 cm from the lower end. The force transducer 
and shaker were attached at this point. A scaimer positioned a laser vibrometer at each of 64 
points spaced at 2.5 cm intervals along the beam. The velocity of the beam referenced to the 
force input was measured at each of these points. From this data, the areas of the beam that 
radiate the most sound can be determined. 
3.2.2 Data Acquisition 
The scanner, input force signal, and data acquisition were all controlled by a 
Concurrent Computing MassComp computer. The input force signal was a "chirp." This is a 
broad band signal that consists of a sine wave that has a linearly varying frequency. The 
"chirp" signal gives the same response as band-limited white noise in the same frequency 
range (Wei, 1993). The frequency range the "chirp" covers can be concentrated into 
specified ranges. The frequency ranges chosen for these tests were: 500-1500 Hz, 1500-2500 
Hz, and 2500-3500 Hz. These frequency ranges were chosen because the waves on a 
uniform beam should be subsonic, and if the waves encounter any discontinuities the waves 
may become supersonic and cause sound radiation. Therefore, the majority of the sound 
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radiation from the beams should be from discontinuities. Having sound radiation mostly 
from discontinuities allows a carefiil study of the mechanisms that cause sound radiation. 
A Bruel and Kjaer type 4809 vibration exciter was attached to the beam through a 5 
cm long stinger. The vibration exciter input the "chirp" signal to the beam. A B & K type 
2706 power amplifier controlled the level of the input signal. The signal input to the system 
was recorded using a PCB 208B force transducer. A PCB 482A04 power supply provided 
power for the force transducer. The signal from the transducer was input to an Ithaco Model 
453 Amplifier to amplify the signal. Next the force transducer signal was passed through a 
Krohn-Hite 3905A Multi-channel low-pass filter with the filter set at 5000 Hz. Finally, the 
signal from the force transducer was input to the Concurrent computer for data acquisition. 
The Polytec OFV 1102 laser vibrometer was positioned by a scanner at each of the 64 
points along the beam. Retro-reflective tape was attached to the beam at each of the points in 
order to insure a strong signal from the vibrometer. The laser vibrometer was set to obtain a 
velocity measurement with a maximum range of 25 mm/s. The laser signal was input to the 
Ithaco Amplifier for amplification. Next the vibrometer signal was passed through the 
Krohn-Hite filter with the low-pass filter set at 5000 Hz. Finally, the signal was input to the 
Concurrent computer for data acquisition. 
The data acquisition by the Concurrent computer was controlled by a single program. 
The program also controls the input "chirp" signal and the scanner motion. The signals were 
sampled at 4096 time steps at a rate of 24 kHz. 
3.2.3 Data Analysis 
The data analysis is described in the Experimental Techniques section of Chapter 2 
and will only be summarized here. More details can be found in Carney (1996), Wei (1993), 
and Mann and Williams (1992). The autospectra of the force and vibrometer signals and the 
cross-spectrum of the two signals are used to find the complex surface velocity as a function 
of position along the beam and frequency (Figure 3.5). The grayscale indicates the 
magnitude of the velocity; lighter regions are low velocities and darker regions are higher 
velocities. An inverse FFT can be performed on the complex surface velocity data to obtain 
the complex surface velocity as a fiinction of position and time. This type of representation 
makes it possible to track the wave as it propagates along the beam as shown in Figure 3.6. 
Again the grayscale represents the magnitude of the velocity. 
A spatial FFT can be performed on the complex velocity as a function of position and 
frequency. The spatial FFT will give the velocity as a function of wavenumber, k, and 
frequency or a k-space representation of the velocity. Figure 3.7 shows this type of 
representation. Note the single dark band on the plot, which is the bending wave in the 
beam. The single band was present only on the beam with no stiffeners. When stifFeners 
were added, several bands appear on the k-space plot (Figure 3.8). 
From the k-space representation, a filter can be used to remove all the energy outside 
the radiation cone. The radiation cone, shown on Figures 3.7 and 3.8, is the transition 
between waves that couple with air to produce farfield sound radiation and those that do not 
(Fahy, 1985). An inverse spatial FFT is applied to the filtered k-space data and then an 
inverse temporal FFT to obtain velocity as a function of position and time. Figure 3.9 shows 
a plot of this filtered data, all of which produces farfield sound radiation. This data can be 
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integrated in time to produce the sound power per unit length as a function of position along 
the beam. Plots of these data are called power plots (see Figure 3.10). 
In the typical power plot, note that a large peak is located near the shaker location on 
the beam; this peak is caused by the shaker input. Another peak exists at the trailing end of 
the beam, a product of the data processing. Any peaks in the middle section of the beam are 
caused by subsonic waves becoming supersonic as they reflect from discontinuities (i.e., 
stiffeners) on the beam or become supersonic in the thicker stiffener region. The 
Experimental Results section of Chapter 2 extensively discusses the power plot results of the 
data acquisition and analysis. 
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3.2.4 Beam conflgurations 
Several beams with different stiflfener configurations were built. For the first series of 
tests, the beams all had unidirectional 0° carbon-epoxy prepreg layers. The stiffener 
configurations are discussed in the Experimental Techniques section of Chapter 2. However, 
these beams all had a secondary type of wave motion in the 1500-2500 Hz and 2500-3500 Hz 
frequency ranges. If the data is shown in k-space. Figure 3.11, this second type of wave can 
clearly be seen as a second band located inside the bending wave band. This second band is 
also located inside the radiation cone and, therefore, will affect the power plots since it is 
supersonic. This wave motion is not caused by a higher order bending wave; it is a mode of 
vibration across the width of the beam. 
Because this wave type can not be modeled using a simple Euler-Bemoulli model, 
data was needed which did not have this secondary wave type. By using both 0° and 90° 
plies in the beam lay-up, the stiffhess was increased across the beam width enough to 
increase the frequency of this secondary wave type (Figure 3.12) until it was not in the 1500-
2500 Hz frequency range. The thickness of the beam was kept the same, but the lay-up was 
changed to [0/90/0/90/0], instead of [O5], to increase the stiffhess across the width of the 
beam. Because of this change, the model should accurately represent the experimental 
results in two frequency ranges of interest. This second wave type is still present in the 
highest, 2500-3500 Hz frequency range (Figure 3.13), therefore, this frequency range will not 
be used to verify the model results in Chapters 4 and 5. 
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CHAPTER 4: MODEL DESCRIPTION 
The model development starts from the strong form of the Euler-Bemoulli beam 
equation and leads to the weak form of the equation. A cubic-spline based method of 
solution is then used. This type of formulation lends itself well to including the boundary 
conditions in the beam equations. For this model, end conditions lead to natural boundary 
conditions which do not need to be imposed on the basis. The boundary conditions used are 
impedance boundary conditions that make it possible to match experimental boundary 
conditions. 
The beam equations can also be developed using an extended Hamilton's principle 
approach (Carney, 1996, Banks et al., 1996), however, this method will not be presented 
here. Both of these development methods result in the same system of equations to be 
solved. A Galerkin method of solution is then used to solve the equations. A Matlab 
program was written to solve the equations for specific beam configurations. 
4.1 Euler-Bernoulli model development 
This development begins with the well-known Euler-Bemoulli beam equation 
including damping terms, 
d' pAw+yw + -^M = F (4.1) 
where a " • " indicates a time derivative, a " ' " indicates a spatial derivative, p is the beam 
density, A is the cross-sectional beam area as a function of position, w is the transverse beam 
displacement and a function of position and time, y is the air damping. Mis the bending 
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moment on the beam as a function of position, and F is the forcing function. The bending 
moment may be expressed as, 
M =EIw' + CoIw\ (4.2) 
where E is the Young's modulus which may be a function of position, / is the area moment 
of inertia which may be a function of position, Co is a damping coefficient which may be a 
function of position, and w is again the transverse beam displacement. Air damping will be 
neglected in the model, so the second term of equation (4.1) will be omitted subsequently. 
To develop a weak form of this model, Eq. 4.1 is multiplied by a test function (j) and 
integrated over the length of the beam, 
i. r 1 ^ j pA{xyw<j> + <f)—-M dx = Jf^. (4.3) 
0 L ^ . 0 
The second term on the left hand side of Eq. 4.3 can be integrated by parts twice, 
= (4.4) 
Q M aC g g 
cM The boundary conditions on the beam will determine the values of and M at positions 0 dx 
and L. The boundary conditions will be specified by impedances, both a force impedance 
and a moment impedance, 
y  _ F  „  _ M  
w w 
where Z( is the force impedance, F is the complex shear force, Zm is the moment impedance, 
A/is the complex moment as given by Eq. 4.2, and w is the transverse displacement of the 
beam. The moment and force are complex in order to preserve phase information. The 
complex shear force can be expressed as. 
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F = — = EIw" + CJw" (4.6) 
dx 
The impedances, Eq. 4.5, are complex so that phase information at the boundaries is not lost. 
The general impedance boundary conditions are substituted into Eq. 4.4, 
dx 
= +]Mrck. (4.7) 
Simple boundary conditions that best represent the experiments are semi-infinite at x=0 and 
free at x=L, 
EIw"] „+C„/>i'1 „ 
z«(0 =— 
w 
n + C n /vi'l „ Zp (0) = (4.8) 
w 
ZAL) = 0, 
ZAL) = 0. 
Substituting equations 4.8 and 4.7 into equation 4.4 yields 
L L L 
J pAw(^ + J Elfw'dx + J Cj,Iit>'Sv''dx - {Hw" + 
0 0 0 (4.9) 
This is the weak form of the Euler-Bemoulli beam equation including the specified boundary 
conditions. 
4.2 A Galerkin Method of Solution 
A Galerkin method of solution involves writing an expression to approximate the 
displacement and then substituting this approximation into the governing equation. The 
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approximate displacement, Wn, is written in terms of basis functions, (j), which are chosen to 
be the same as the test functions in equation 4.9, 
y=i 
N is the number of nodes on the beam; the points on the beam where the displacement will be 
found. The weighting functions, Oj, (Eq. 4.10) will be chosen to minimize the error between 
the approximate displacement and the actual displacement, i.e. the method of weighted 
residuals. This expression for the displacement is then substituted back into equation (4.9), 
Ar + 2 L N+2 L W+2 I-
;=i 0 >=i 0 y=i 0 
W+2 W+2 (4.11) 
}~^ x=o y=' x=o 0 
Equation (4.11) can be written in matrix format as 
[A/fe()}+[C]^(r)}+[A:]{s(r)}= {F(()| (4.12) 
where the matrices and vectors are given by 
[M\ = \pA<j>,(f>.cix, 
0 
[a:], = \Ei0'd>c-Eirt^ i^+m:4^. 
0 
[CL = (4.13) 
0 
{P(0j; = JffSA, 
0 
^(0}; = a^it). 
Cubic B-splines will be chosen as the basis functions and test functions, (j), because they are 
twice differentiable as required by the model equations. The cubic splines are given by 
60 
- J;) + iKx. ^ , - Jt)^ - 3(i. ^  [ - -I)' 
X6[X. _ 1 ,X.) 
xe[x.,x. ,) / / + r 
(4.14) 
X € [ X .  
else 
i + V^i + 2 ) 
where x is the position along the beam and h is the distance between two node points. Cubic 
splines are third order, twice continuously difFerentiable, smooth functions which makes 
them suitable for this model solution. A cubic spline is shown in Figure 4.1. The next step 
was to actually solve the model equations using the equations developed. 
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Figure 4.1. A cubic spline centered at 0.05. 
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4.3 Matlab solution of model 
The model was solved using a program written in Matlab. Matlab was used because 
it works well with matrix operations. The solution included several subroutines that defined 
variables as functions of position along the beam. This made the model very versatile for 
changing the beam configuration. The following discussion describes the work that was 
performed to test the accuracy and convergence of the solution. Two issues that will be 
discussed are how accurately integrals need to be calculated and the spacing of node points 
on the beam to achieve convergence. 
4.3.1 Static case 
The program was verified by solving Eq. 4.12 for the static deflection of a uniform 
beam for a specific case. In the static case, the time derivatives of Eq. 4.12 are all zero, 
therefore, the beam equation simplifies to, 
Wa) = {F), (4.15) 
where K is the stiffiiess matrix as given in Eq. 4.13, {5} is the vector of displacement 
coefficients and F is the forcing function as given in Eq. 4.13. The impedance boundary 
conditions, Eq. 4.8, are zero for free-free boundary conditions. Free-free boundary 
conditions were used for the model verification because the formulation was very simple. A 
deflection, which satisfies free-free boundary conditions, was chosen, 
w = {x{L-x))\ (4.16) 
where w is the beam displacement, x is the position along the beam, and L is the beam length. 
This displacement was substituted into Eq. 4.1 and the force needed to achieve this 
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displacement was found to be a distributed load with the force as a function of position given 
by, 
EI d^w 
V 
= n{lAV -480Z'x + 2160Z-x= -3360Zjc' +1680x^ ). (4.17) 
The forcing function was then substituted into the model and the deflection was calculated. 
If the program solved the equations correctly, then the solution and Eq. 4.16 will match at the 
node points of the beam. 
The solution of the model is very sensitive to the evaluation of integrals in the 
matrices (Equation 4.13). A Simpson's rule quadrature was used with 100 points in the 
integration interval. Figure 4.2. The calculated deflection was not close to the theoretical 
deflection, Eq. 4.16, so the number of points in the integral was increased to 500, Figure 4.3. 
This calculated deflection was within 4% of the theoretical deflection. Again, the number of 
points in the integration interval was increased to 1500, Figure 4.4. This calculated 
deflection was within 1% of the theoretical deflection. A Gaussian-Legendre quadrature was 
attempted, however, the percent error between the calculated deflection and theoretical 
deflection was even larger than for the Simpson's rule quadrature at 100 points so the results 
were not shown. Therefore, the evaluations of integrals in the model were performed using a 
Simpson's rule quadrature with 1500 points in each interval. 
4.3.2 Dynamic case of a uniform beam 
After a static case of deflection for a uniform beam was verified, several dynamic 
cases were solved for the uniform beam. The input force was a sine wave at 240 different 
frequencies ranging from 500-1500 Hz, 1500-2500 Hz, and 2500 to 3500 Hz. This condition 
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Figure 4.2. Deflection calculated using 100 points in a Simpson's rule quadrature compared 
to the theoretical deflection. 
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Figure 4.3. Deflection calculated using 500 points in a Simpson's rule quadrature compared 
to the theoretical deflection. 
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Figure 4.4. Deflection calculated using 1500 points in a Simpson's rule quadrature compared 
to the theoretical deflection. 
for the solution was chosen to mimic the experimental data. The solution for the beam 
equation was found by assuming that the solution was a harmonic solution of the form 
(4.18) 
where ^4 is a complex amplitude,y is oi is the frequency of the excitation, and t is time. 
When Eq. 4.18 is substituted into Eq. 4.12 and a Fourier Transform performed, the equation 
of motion becomes, 
Ja>[cla) + [K\a) = {F). (4.19) 
where M, C,K, a, and F are as given by Eq. 4.12 and a is the frequency of excitation in 
radians/second. A convergence study was done on the model output in order to determine if 
a node spacing equal to the spacing in the experimental data was sufficient for the model 
solution to converge. 
In the experimental data, the complex surface velocity was measured at 2.5 cm 
intervals. For the model, the solution with a node point spacing of 2.5 cm was calculated; 
this data mimicked the experimental data. Having a single solution for the model with only 
one node spacing, there is no way to tell if the model has a sufficient number of points for 
convergence. Therefore, the number of points was doubled over the same length of beam 
resulting in a node point spacing of 1.25 cm. The solution at the points matching the 
experiment was extracted from the data. In the 500-1500 Hz and 1500-2500 Hz frequency 
ranges the model was solved in order to see if it converged for these node spacings. If the 
model has sufficient points to converge, the model will give the same results for both 2.5 cm 
spacing and 1.25 cm spacing. With the 1.25 cm spacing, only the solution for those points 
that coincided with the 2.5 cm spacing was used for the calculation of the power. 
For these two frequency ranges, 500-1500 Hz and 1500-2500 Hz, the model results 
for the two spacings were very nearly the same. Figures 4.5-4.8. The frequency responses of 
the solutions were compared for several points along the beam; Figure 4.5 shows a 
representative frequency response at node point 30, x=72.5 cm, for the 500-1500 Hz range 
and Figure 4.6 shows the frequency response at node point 30 for the 1500-2500 Hz range. 
Point 30 was chosen because it is near the stiffener region in the middle of the beam, 
therefore, end conditions will not affect the solution as much at this point as at a pomt closer 
to either end. The curves of 2.5 cm and 1.25 cm spacing are barely distinguishable. The 
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Figure 4.5. Frequency response at node 30 for a uniform beam in 500-1500 Hz range. 
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Figure 4.6. Frequency response at node 30 for a uniform beam in 1500-2500 Hz 
range. 
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Figure 4.8. Power plot for a uniform beam in the 1500-2500 Hz frequency range. 
power plots, Figures 4.7 and 4.8, also match very closely, ± 0.2 dB. However, for the 2500-
3500 Hz frequency range. Figure 4.9, the frequency responses for 2.5 cm spacing and 1.25 
cm spacing show a shift to lower frequencies as the spacing decreases. This lack of 
agreement in the model solution indicates that a spacing of 2.5 cm is insufficient to guarantee 
convergence. The node point spacing was decreased again to 0.8333 cm, one third of the 
original spacing, because the solution at the experimental nodes can be extracted from the 
data. When this solution was compared to a spacing of 1.25 cm, the resulting power plots 
and frequency responses are nearly identical (Figures 4.10 and 4.11). Therefore, the spatial 
resolution needed for convergence for the 2500-3500 Hz frequency range is higher than for 
the 500-1500 Hz and 1500-2500 Hz ranges. In the 2500-3500 Hz frequency range, a node 
spacing of 1.25 cm is necessary; in the other two frequency ranges, a node point spacing of 
2.5 cm is sufficient for the model to converge. 
Because the case of static deflection was very sensitive to accuracy of integrals in 
calculating the mass, damping, and stiffness matrices, it is appropriate to check that in the 
dynamic case this sensitivity has not increased. Therefore, the model was solved using 3000 
points in the Simpson's rule quadrature instead of 1500 points. The increase in the number 
of points in the integral evaluation did not make a difference in the solution, so the resuhs are 
not shown. The implication of this is that once a certain level of accuracy in the evaluation 
of integrals is achieved, the spacing of the node points determines whether or not the model 
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Figure 4.10. Frequency response for node 30 for a uniform beam in 2500-3500 Hz range. 
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Figure 4.11. Power plot for a uniform beam in the 2500-3500 Hz frequency range. 
4.3.3 Dynamic case of beams with stiffeners 
There are many issues that must be dealt with when modeling beams with stiffeners. 
End conditions, the profile of the beam thickness, and the forcing function are a few of these 
issues that were addressed. Experimental data was available for two different beam 
configurations and this data was used to verify the model results. The beams had thickness, 
width, and length dimensions as described in Chapter 2 and the ply configurations included 
both 0° and 90° plies as described in Chapter 3. However, the beams had a stack of 10 
shorter plies, all with 0° orientation, embedded between the symmetric halves of the beam to 
make stiffeners. For the "square-ended" stiffener, the embedded plies were all the same 
length; for the "tapered" stiffener, the plies were successively shorter for each additional ply. 
—1.25 cm 
X 0.833 cm 
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A more complete description and sketches of the square-ended and tapered stiffeners can be 
found in Chapter 2. 
The effects of end conditions on the solution were studied. The model was first 
solved with free-free end conditions and then with semi-infinite and free end conditions. 
Figures 4.12 and 4.13 show how changing the end conditions affects the sound radiation 
from a beam with a square-ended stiffener in two different frequency ranges. With the semi-
infinite end condition at the end near the shaker, the sound power peak near the shaker is 
reduced and the peak near the stiffener region is higher. The semi-infinite and free end 
conditions more closely represent the experimental results than the free-free end conditions. 
A complete discussion of the comparison between experimental and model results can be 
found in the Results section of Chapter 5. 
An important issue in modeling stiffeners is how the thickness in the transition region 
of the stiffener will be modeled. There are many different ways to model this region. For 
instance, step changes in the thickness based on thickness measurements, a linear thickness 
change in the transition region, or a fiinction with smooth transitions could all be used to 
represent the thickness in the transition region of the stiffener. Two representations of the 
beam thickness profile, one linear and the other a smooth function (Figure 4.14), were used. 
The equations for the thickness profiles of the tapered stiffener are given in Equation 4.20. 
_ .00118 , r-ynS 
= .00152 + — — ( X - .72), 
(4.20) 
813 
' ~ 30864+ 23960e-'"^"'^-^' 
In this equation ti is the linear thickness profile and t, is the smooth profile; the constants 
were chosen to match the thicknesses at the ends of the transition region. The model results 
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Figure 4.14. Transition region of stiffener and ply drop off region. 
from both these thickness profiles are shown in Figure 4.15. The differences were very 
slight, therefore, the simpler linear model was used. 
As calculated in section 2.1, the modulus of elasticity changes less than 3% between 
the stiffener region and the unstiffened regions of the beam. Therefore, the modulus of 
elasticity was modeled as a constant over the entire length of the beam. However, if a 
different material was embedded in the stiffener, the modulus of elasticity could be changed 
in the stiffener region. 
Two different spatial distributions for the forcing function were used. The first was a 
half sine wave input centered at x=1.25 cm and extending from 0 to 2.5 cm. This distributed 
forcing function was thought to be a good estimate since the force transducer, which 
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Figure 4.15. Power plot for different stifFener profiles. 500-1500 Hz. 
transmits the force to the beam, is located in this region and has a diameter of about 2 cm. 
The second force distribution was a point input at x=1.25 cm. Figure 4.16 shows the effect 
of the force distribution on the power plot. The point force distribution changed the shape of 
the curve near the shaker to be closer to the shape of the experimental curves. Because the 
shape of the curve is closer to the experimental data (Figure 4.17), the point force will be 
used. 
As the model is now, the experimental data and model data (Figures 4.17 and 4.18) 
do not match in magnitude, however, the shapes of the curves are very similar in the stiffener 
region. Even though the model does not exactly represent the experimental data, the model 
could be of some use predicting relative changes in sound radiation when a stiffener 
parameter is varied. A more complete comparison between the experimental and model 
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results can be found in the Results section of Chapter 5. Also discussed in Chapter 5, is how 
the model can be used to predict changes in sound radiation. The model results could be 
improved by performing a system identification on a uniform beam in order to get impedance 
values for the boundary conditions (Banks et al, 1996). The semi-infinite and free boundary 
conditions are only a rough approximation of the experimental boundary conditions. 
The model results could also be improved by using a Timoshenko beam model. This 
type of model is more appropriate for high frequency vibrations, thicker beams, and fiber-
reiforced composites. However, the Timoshenko model is more complex and was not 
studied in the scope of this research. 
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CHAPTER 5: STIFFENER DESIGN FOR A COMPOSITE BEAM USING A CUBIC 
SPLINE BASED MODEL 
A paper to be submitted to the Journal of the Acoustical Society of America 
Julie C. Slaughter, J. Adin Mami HI, Daniel 0. Adams 
Aerospace Engineering and Engineering Mechanics Department 
Iowa State University 
2019 Black Engineering Building 
Ames, lA 50011 
Abstract 
Vibration experiments were performed on fiber-reinforced composite beams to verify 
a cubic spline based solution of a simple Euler-Bemoulli beam model. The model accurately 
predicts the shape and location of farfield sound radiation from stiffeners. However, 
limitations on the available boundary conditions prevented accurate prediction of the 
magnitude of sound radiation. The model was then used to predict sound radiation from 
beams with varying stiffener transition lengths and these results were experimentally 
verified. In general a longer stififener transition length causes less sound radiation. However, 
there is a critical length at which the sound radiation reaches a maximum. 
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1. Introduction 
As fiber reinforced composites are being more fi-equentiy employed, vibration and 
sound radiation fi-om composite beams becomes an issue. Stiflfeners are often attaciied to 
structures to provide additional rigidity. For beams of traditional materials, stifFeners can be 
attached over a small area of the beam with welds, rivets, or bolts. For structures of fiber-
reinforced composites, stifFeners must be bonded and possibly stitched onto the surface. For 
this research unstitched, bonded stififeners were of interest. This type of attachment generally 
takes place over a much larger area of the beam than for welding, riveting, bolting, or 
soldering. 
Some work has been done on modeling point attached stifFeners on metallic beams 
[1,2], There has also been work done on modeling stifFeners that are not considered point 
attachments [3,4], However, these studies have been only for beams of traditional metallic 
materials and do not cover the types of stifFeners that would be found on fiber-reinforced 
composite beams. While a welded rib can be approximated as a point attachment, bonded 
stifFeners on composite beams are better represented as beams of non-uniform cross-section. 
Some studies have been performed for beams of non-uniform cross section. In many 
studies the solutions were formulated in closed form for specific types of beams such as 
tapered beams [5,6] or wedge and cone beams [7]. Many times only the natural frequencies 
were studied [8], not forced vibration or sound radiation, and none of this cited work includes 
any experimental verification of models. Feit and Cushieri [9] have worked with different 
geometries of beam sections, however, the research involves infinite structures and has no 
experimental verification. Generally, a well-known analytical beam vibration solution is 
used to "prove" that a model gives accurate results. However, these analytical solutions do 
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not include the type of material property changes found in fiber-reinforced beams with 
stifFeners, and none of these studies considers fiber-reinforced composites. 
Considerable research has been performed for vibration of fiber-reinforced composite 
beams. However, very little of this research involves changing section properties over the 
beam length. Work found which addresses beams with changing section properties over the 
length [10-13] address only add-on damping treatments or embedded damping layers. No 
work was found for the vibration of fiber-reinforced composite beams with stiffeners. 
In this research, a model that has sensitivity to the types of section changes found in 
stiffeners on fiber-reinforced composite beams will be used to predict the farfieid sound 
radiation from composite beams with stiffeners. The model will be experimentally verified 
and then used to predict the sound radiation from beams with varying stiffener parameters. 
This prediction will then be verified experimentally. 
2. Experimental Techniques 
A brief description of the experimental techniques will be presented here. For a 
more complete description see Slaughter [14] and Carney [3]. 
The beams were made of IM7/8551-7A carbon/epoxy composite material. Two sets 
of beams were fabricated. The first beams were made to verify the model results and the 
second beams were created in the stifFener design process. Each specimen had 10 plies in the 
base beam and 8 or 10 additional plies in the stiffener region. The two beams with 8 
additional plies in the stiffener region were used to verify the model. The beams with 10 
plies in the stiffener region were used to study the effect of stiffener length on farfieid sound 
radiation. The orientations of the plies were [0/90/0/90/0]s with the stifFener plies embedded 
in between the two halves. Figure 1 shows the orientations of 0° and 90° plies with respect 
to the beam. All the plies in the stifFener were 0° plies of varying lengths. The fabrication 
process is described in Slaughter [14]. Nominal dimensions of the beam are a thickness of 
0.15 cm outside the stiffener region, and 0.27 for 8 stifFener plies and 0.30 cm for 10 stifFener 
plies in the stifFener region, a width of 5.0 cm, and a length of 193 cm. 
Figure 2 shows the basic shape of the beam and stifFener configuration. The stifFener 
parameter that changed from beam to beam was the transition length of the stifFener. This 
length varied from 0 (square-edged stifFener) to 15.2 cm (transition length equal to stifFener 
length). Beams with intermediate stifFener transition lengths were also built. 
The beams were subjected to vibration tests. A more detailed description of the 
testing can be found in Slaughter [14] and Carney [3], Figure 3 shows a schematic of the 
experimental apparatus. The beams were suspended by a pulley at one end and the other end 
was embedded in sand to absorb reflections. A shaker was attached to the beam near the end 
embedded in sand. A laser vibrometer measured the surface velocity of the beam at 64 
points spaced 2.5 cm along the beam. Retroreflective tape was attached at each of these 
points to ensure a strong signal. A "chirp" signal, which is a linearly varying frequency sine 
wave, was input to the beam. Two different frequency ranges were used for the input signal, 
500-1500 Hz and 1500-2500 Hz. The data collection and input signal were controlled by a 
Concurrent computer. 
From the vibration tests, the cross-spectrum of the force and vibrometer signals, the 
auto-spectrum of the force signal, and the auto-spectrum of the vibrometer signal were 
collected. From these data, the complex surface velocity as a function of frequency can be 
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computed. A spatial Fourier transform of the complex surface velocity gives the velocity as 
a function of frequency and wave number, k. In this domain, a filter was used to remove all 
the energy contributions falling outside the radiation cone. After an inverse spatial Fourier 
transform and an inverse temporal Fourier transform, the components of the velocity that 
contribute sound to the farfield as a function of position and time are left. This data is then 
integrated through time to give the sound power per unit length radiated by the beam. Plots 
of this data will be called power plots and show the regions of the beam which produce the 
most farfield sound power. This will be the most conmion presentation of the data in this 
paper. 
3. Model Description 
The model development starts with the well-known Euler-Bemoulli beam equation, 
pAw-^yw->r—-M = F, (1) 
dic-
where p is the beam density and may be a function of position, A is the beam cross sectional 
area, ^^is the air damping. A/is the moment on the beam, and w is the transverse beam 
displacement. Air damping will be neglected because the displacements of the beam are 
small and air damping is very small. The moment is given by 
M^EIw' + CJw", (2) 
where E is the Young's modulus, I is the area moment of inertia, Co is the damping factor, 
and w is the displacement. 
82 
The weak form of the beam equation can be obtained by multiplying Eq. 1 by a test 
function, and integrating over the length of the beam, 
u 
I 
0 L 
32 
pA[x)w (f>+<f> —jM dx = jF(lidx. (3) 
The second term of Eq. 3 can be integrated by parts twice in order to eliminate the fourth 
derivative. This Avill also bring the boundary conditions into the equations. 
(4) 
The boundary conditions will be represented by impedances, 
f(o)=^(o)=z.(o)i 
M(L)=Z„{L) 
(5) 
Because there are both forces and moments acting on the beam ends, impedances are 
required for both. The impedance for a force is the force divided by velocity, 
F 
w 
(6) 
Analogously, the impedance for a moment can be expressed as a moment divided by an 
angular velocity, 
M 
W (7) 
After including impedance boundary conditions, Eq. 4 becomes, 
L L L 
\pAw<t>dx^\Mdx +Z^ (L) - (o) - Z,, (z)+ (o) = J . (8) 
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The force throughout the beam is given by, 
(9) dc 
The end conditions for the beam that approximately represent the experiments are 
semi-infinite for the end embedded in sand and fi'ee for the end suspended by the pulley. The 
impedances for these end conditions are. 
, . Ehv"] +Cn/H'1 
Zm(O) = 
w 
Ehv'^ .+CnAi'* 
Z^(0) = 5 (10) 
•w 
Z^(L) = 0. 
If experimental data were available for a well characterized beam, such as a uniform cross 
section beam, system identification could be used to find values for the impedance boundary 
conditions. These boundary conditions could then be used for beams that are not as easily 
characterized and would be a closer approximation than the semi-infinite-free conditions that 
were used. 
The displacement can be approximated by, 
(11) 
y=i 
where aj(t) is a displacement coefficient, P is the number of node points on the beam, and 
(ffjCx) is a basis fianction. The fiinctions, will be chosen to be the same as the test functions 
in Eq. 4, which is Galerkin's method of solution. Substituting Eqs. 9, 10, and 11 into Eq. 8 
and writing in matrix format leaves the equations in the form, 
[M]{#(l)}+ [cK«(0}+ [^:K®(<)) = (F(<)), (12) 
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where the matrices and vectors are given by, 
0 
0 
[4 = +CdWL. <'3' 
0 
{F(()(, 
0 
The effects of the stiffeners are incorporated into the equations by changing the density, area. 
Young's modulus, moment of inertia, and damping factor with position. The functions, 
will be chosen to be cubic B-splines because their behavior is well-defined and they are twice 
differentiable. 
Equation 11 was solved using Matlab. In order to match the experimental data, Eq. 
11 was solved in the frequency domain. The data from the model results, the complex 
velocity, is the same quantity that results from the experiments. The same data processing 
techniques are used on the data from both the model and experiments. Therefore, differences 
in the radiated sound power obtained from the model and experimental data are only caused 
by differences in the surface velocity. 
4. Results: Model Verification 
The first task was to develop the model sufficiently so that experimental results could 
be reproduced at least qualitatively if not quantitatively. For this work, two beams as 
described in the Experimental Techniques section were used. These beams each had a total 
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of 18 plies in the stiffener region. One of the stiffener shapes was square-edged and the other 
was tapered (Figure 4). The beams were subjected to the vibration tests as described above. 
The model was also solved for beam thickness profiles representing the actual beam 
thickness. 
The results will be presented as radiated sound power per unit length as a function of 
position; these plots will be called power plots. For each power plot, a large peak is located 
near the shaker; this peak is caused by the shaker (Fig. 5a). There is also a peak located at 
the opposite end of the beam which is a product of the data processing. Any sound power 
peaks located near the center of the beam are caused by the stiffener, the location of which is 
indicated by vertical lines on each power plot (Fig. 5a). 
The model results and the experiments do not match exactly (Figures 5 and 6); 
however, in the stiffener regions, which are indicated by vertical lines on all the power plots, 
the shape of the curves is very similar. For the square-edged beam in the 500-1500 Hz 
frequency range. Figure 5a, there is a peak near the stiffener region for both the experimental 
and model data. This peak is flatter for the experimental data than the model data. 
In the 1500-2500 Hz range (Figure 5b) both the experimental data and model data 
have two peaks in the stiffener region, one near the leading edge of the stiffener and one near 
the trailing edge. The experimental data has other peaks outside the stiffener region that are 
not matched by the model data. 
For the tapered stiffener in the 500-1500 Hz range (Figure 6a) both the model data 
and experimental data show a smooth, wide peak in the stiffener region. This peak is slightly 
higher at the leading edge of the stiffener than at the trailing edge. These characteristics are 
present in both the experiment and model data. 
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The tapered stifFener in the 1500-2500 Hz range (Figure 6b) causes two peaks in the 
stifFener region. These two peaks are present in both the experiment and model data. 
However, there is a slight difference in the peak locations. For the experimental data, the 
peaks lead the edges of the stiffener slightly, while for the model data, the peaks are located 
over the edges of the stiffener. 
The model gives results similar to the experimental results for both a tapered stiffener 
and a square-edged stiffener. The magnitude of the data is different in all cases. The peak at 
the shaker is much higher relative to the stiffener peaks for the model data. This discrepancy 
is most likely caused by differences between the actual and model boundary conditions. 
5. Results: Parametric Study 
The next step was to vary a stiffener parameter and to determine what effect the 
changing parameter had on the farfield sound radiation. There are many parameters that can 
be varied for stififeners such as the stiffener thickness, material makeup, and transition length. 
The fiber-reinforced composite material was IM7/8551-7A carbon epoxy material. 
Properties of this material are: Ei=I35 GPa, £2=8 GPa, and Vi2=0.30 [15], For the stifFener 
design, the transition length of the stifFener was varied and a constant bending stiffhess of 
12.6 N*m^ was specified over the stifFener region, a 15.2 cm length of beam. Figure 2. This 
corresponds to ten 0° plies of IM7/8551-7A sandwiched in the middle of the [0/90/0/90/0]s 
lay-up. In the unstifFened beam region, the bending stiffhess was specified as 1.6 N*m^; this 
corresponds to the [0/90/0/90/0]s beam lay-up. 
A total of five beams were built. The transition length was varied from zero, a 
square-edged stiffener, to a transition length equal to the stiffener length, 15.2 cm. The 
intermediate transition lengths were: 7.6 cm, 3.8 cm, and 1.5 cm. Each successive ply in the 
stiffener was cut to a length that followed a linear path in the tapered region (Figure 7). In 
the model this same linear profile was assumed for the beam thickness in the tapered region 
of the stiffener. 
The results for the beam with the square-edged stiffener. Figure 8, show resuhs 
similar to the square-edged stiffener used in the model verification (Figure 5). The 500-
1500 Hz fi-equency range. Figure 8a, shows peaks in the stiffener region. In both the model 
and experimental data, two peaks are in the stiffener region. However, for the experimental 
data, the peaks are less distinct than for the model data. 
The square-edged stiffener results in the 1500-2500 Hz fi-equency range. Figure 8b, 
show two peaks in the stiffener region. These peaks are much more distinct than those for 
the 500-1500 Hz data. Because the wavelengths of the bending waves are shorter at higher 
fi-equencies, the waves react more with the stiffener edges. Therefore, the increased 
scattering seen as the two distinct peaks at the stiffener edges is expected. 
The 1.5 cm transition length stiffener results are shown in Figure 9. The 500-
1500 Hz fi-equency range. Figure 9a, shows very similar peaks in the stiffener region for both 
the experimental and model data. However, for the 1500-2500 Hz fi-equency range, Figure 
9b, there are many extraneous peaks outside the stiffener region for the experimental data. In 
spite of this, there are still two peaks located at the leading edge and trailing edge of the 
stiffener. This occurs in both experimental and model data. It is believed that the extraneous 
peaks in the experimental data are caused by boundary conditions that were not matched in 
the model. 
The stifFener with a 3.8 cm transition length showed some similar characteristics 
between the experiment and model data (Figure 10). There is a local minimum occurring 
between two peaks centered over the stifFener in the 500-1500 Hz data. Figure 10a. 
However, there is a peak in the experimental data that occurs before the leading edge of the 
StifFener that does not occur in the model. In the 1500-2500 Hz frequency range. Figure 10b, 
the model and experiment do not appear to be close at first glance. However, with further 
study, it can be seen that the three peaks occurring in the stifFener region for the model data 
match up with peaks in the experimental data. The relative magnitudes between these peaks 
and the sound power outside this region do not match between experiment and model. 
The power plots for the stifFener with a bond length of 7.6 cm are presented in 
Figure 11. In the 500-1500 Hz frequency range. Figure 1 la, the sound power peaks for the 
experimental and model data match in location and relative magnitude. However, for the 
experimental data another peak occurs after the stifFener region that is not reflected in the 
model data. Again for the 1500-2500 Hz frequency range. Figure 1 lb, there appears to be 
very little agreement between experiment and model. Upon closer inspection, there are 
peaks and valleys in the stifFener region which are very similar between the two data sets. 
The extreme case of the bond length equal to the stifFener length is shown in 
Figure 12. In the 500-1500 Hz frequency range. Figure 12a, a minimum occurs over the 
StifFener region. This differs from the previous cases where peaks occurred in the stifFener 
region. However, this is not an anomaly in the data because it occurs in both the experiment 
and the model data. For the 1500-2500 Hz frequency range. Figure I2b, peaks again occur in 
the stiffener region. There is some similarity of shape between the experiment and model 
data and a peak in the center of the stiffener occurs at the same location for both. 
The data from the five previously discussed beams were used to observe the effect of 
stiffener bond length on the farfield sound radiation from the stiffener (Figure 13). This was 
done by normalizing the data to the peak value and then integrating the sound power per unit 
length over the stiffener region to calculate the total sound power radiated from the stiffener 
region of the beam. This integration was done over the same length of beam for every 
stiffener so the data could be compared directly. In the 500-1500 Hz frequency range. 
Figure 13a, a large sound power peak occurs for the stiffener bond length of 3.6 cm in the 
experimental data. In the model data, a peak occurs at this point also, however, its magnitude 
is much less. In the 1500-2500 Hz frequency range. Figure 13b, a slight peak occurs for the 
bond length of 3.6 cm. In both frequency ranges, the bond length of 15.2 cm was the quietest 
and the bond length of 3.6 cm was the noisiest. 
6. Conclusions and Future Work 
A simple beam vibration model was used to predict farfield sound radiation from 
stiffeners on fiber-reinforced composite beams. From the comparisons of experimental and 
model data, it appears that the model does a good job of predicting the location of sound 
power peaks in the stiffener region for the 500-1500 Hz frequency range. In the 1500-
2500 Hz frequency range, the model results are sometimes very similar to experiments and at 
other times a closer look must be taken to observe similarities. 
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While the model does not accurately predict magnitudes of sound radiation, it does 
predict the changes in sound radiation caused by different stiffener transition lengths. 
Therefore, this model could be used to choose a stiffener transition length that would make a 
beam quieter. 
The model would be greatly improved if a system identification were performed for a 
uniform composite beam with the same boundary conditions as the other experiments. This 
would provide impedance boundary conditions that more closely reflect the actual 
experimental boundary conditions 
The stiffener transition length has a very large effect on the sound radiation from a 
stiffener. After the transition length passes some critical length where the sound radiation is 
maximum, the sound radiation drops as the transition length increases. More research is 
needed to determine at what length the peak sound radiation occurs and also if the sound 
radiation continues to drop as the transition length increases. 
Different materials in the stiffener, such as core materials, should be studied to 
determine the model sensitivity to changes in material. A system identification would help 
match the experimental and model results. Then the model would not only accurately predict 
changes in sound radiation with stiffener parameters, but also accurately predict the 
magnitude of the sound radiation from stiffeners. 
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CHAPTER 6: GENERAL CONCLUSIONS AND FUTURE WORK 
The purpose of this research was to identify parameters that affect sound radiation 
from stiffeners on composite beams. In order to identify the parameters that most affect 
sound radiation, several beams with stiffeners of different shape and material makeup were 
built and tested. Beams with multiple stiffeners were also built and tested. Including the 
effects of material changes, geometry changes, and multiple stiffeners is a very complicated 
problem. In order to reduce the number of variables in this research, the stiffener geometry 
was the main focus. 
Developing a simple computational model to predict changes in sound radiation with 
changing stiffener parameters was a goal of the research. Finally, experimental verification 
of the model to determine its accuracy was desired. A simple Euler-Bemoulli model using 
cubic splines for the solution was used. This model was simpler to implement than a finite 
element approach and it showed sensitivity to small stiffener changes that matched the 
experimental data. 
The stiffener geometry, specifically the region of changing thickness or transition 
region, was the area of interest. The effect on farfield sound radiation of changing the length 
of the transition region was investigated. Model solutions were calculated for several 
different stiffener transition lengths. The beams were then manufactured and tested and the 
results compared to the model results. 
116  
6.1 Conclusions 
It was found that small changes in stiffener shape as compared to a wavelength in the 
structure caused large changes in the region of the stiffener that radiated sound. In general, a 
stiffener with square edges radiates more sound than a tapered stiffener. Some other factors 
that were also looked at in the initial research were the effects of multiple stiffeners on sound 
radiation and the effects of different materials embedded in the stiffener. 
Multiple stiffeners have a complicated pattern of sound radiation. If the wavelength 
of the bending waves is larger than the stiffener size, the individual stiffeners act together as 
a global stiffener or a thicker beam. As the wavelength gets smaller than the stiffener length 
and spacing, effects fi"om the individual stiffeners start to emerge. Peaks occur between the 
stiffeners. Finally, as the wavelength decreases even more, the stiffeners start to act 
independently and give results similar to individual stiffeners on beams. 
The effect of embedding different materials in the stiffener depends greatly on the 
material embedded. These different materials increase the scattering of the wave at the edge 
of the stiffener and the scattering increases as the stiffness of the embedded materials 
increases. When a patch of viscoelastic material is embedded, the vibration energy of the 
beam is diminished over the entire length of the beam, not just in the stiffener region. 
A model was developed that was flexible enough to include changing beam thickness 
and material properties. A cubic-spline based approach to solving a simple Euler-Bemoulli 
beam model was used. With this type of model, beam properties such as thickness, density, 
and modulus of elasticity can be varied along the length of the beam in a general manner. 
Existing finite element codes would have to be modified to be able to have the desired 
flexibility of material properties. 
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This simple approach to solving the beam equation was very effective in the 500-
1500 Hz frequency range. The sound power from the stiffener region predicted by the model 
generally had the correct shape, however, the magnitude was less. This discrepancy in 
magnitude was most likely caused by differences in boundary conditions between the 
experiment and model and also discrepancies in the calibration of the measured data. 
However, the model was made sufficiently flexible so that a system identification could 
produce good impedance values for the boundary conditions. The system calibration was not 
a major concern because changes in the sound radiation, not magnitudes, were being 
investigated. A system identification of this type would be necessary any time ideal 
boundary conditions are not present in experiments. However, for a particular experimental 
set-up once the boundary conditions were established, the impedances found could be used 
instead of repeating this system identification for every test. 
In the 1500-2500 Hz frequency range, the model resuhs were not as close to the 
experiments, however, this is most likely due to limitations in the model. There were still 
similar patterns to the sound radiation in the stiffener regions. 
Once the model had been verified and the operating conditions found which most 
closely matched experimental data, the model was used to predict the behavior of stiffeners 
that had varying transition lengths. It was found that a transition length equal to the stiffener 
length radiated less sound than a square-edged stiffener, however, it was an intermediate 
bond length that had the maximum sound radiation. Model results were obtained for several 
cases. The beams were then built and the results verified experimentally. 
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In its current form, the model could be used to choose stiffener transition lengths to 
minimize the farfield sound radiation from the stifiFener. From the limited results seen so far, 
there are definite advantages to increasing the transition length of the stiffener. 
6.2 Future Work 
There is much work left to be done in this research area. Closely related to the work 
already completed, a system identification needs to be performed on a uniform beam to 
determine parameters in the model and also impedance boundary conditions that more 
closely represent the experimental boundary conditions. The new boundary conditions 
should then be used in the model equations to verify that the model does indeed give accurate 
results for the sound power radiation from the stiffener. 
Another area that should be followed up on is embedding different materials in the 
stiffener, such as Syncore. This will verify that changes in material properties can be 
modeled accurately. Also, multiple stiffeners should be modeled to see if the complex 
interactions seen experimentally can be predicted. 
More research needs to be done on optimizing stiffener parameters to minimize the 
sound radiation from the stiffener. Initial results show that a longer transition length 
generally causes less sound radiation. Changing different stiffener parameters such as 
stiffener thickness and material make up would give more insight into how a quiet stiffener 
could be designed. Also, more investigation is needed to find the critical length of the 
transition region that causes maximum sound radiation as seen both in the experiment and 
model. 
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Improvements can also be made to the model. A simple Euler-Bemoulli model was 
used for this initial study. However, this model does not take into account some complex 
effects caused by using fiber reinforced composites. All the layers in the beams studied were 
either 0° or 90° plies, thus eliminating the bending-torsion coupling that arises from the 
anisotropy of fiber-reinforced composites. Also, shear deformation and rotary inertia effects 
were neglected. Shear deformation has a much greater effect in composite materials than in 
traditional metallic materials. An improved model should include provisions for bending-
torsion coupling and shear deformation. 
The research described here represents an initial investigation of sound radiation from 
stiffeners on fiber-reinforced composite structures. Once models are established which 
describe beams adequately, reseju^ch could be extended to include curved beams, plates, 
cylinders, and even more complex structures. 
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